Unexpected similarities have been found between the immune systems of insects and mammals. In particular, the Rel family of transcription factors play an important role in both groups (1) (2) (3) . Five different Rel proteins have been found in mammals, and they combine to form different homo-or heterodimers, collectively referred to as nuclear factor (NF)-KB. They are normally kept inactive in the cytoplasm, in complex with an inhibitor (I)KB. In response to different pathogenic signals, IKB is degraded and NF-KB is translocated to the nucleus to activate genes important for the immune response (1, 2) . Two of the mammalian Rel proteins, p105 (4-7) and plOO (8) (9) (10) (11) , have a compound structure; they contain an IKB-like domain in addition to the Rel homology domain, and they can act as NF-KB inhibitors. Their lKB-like domains may also be removed by proteolytic processing, and the remaining Rel proteins become integral parts of the NF-KB complex (reviewed in refs. 1 and 2). In Drosophila, two Rel proteins, dorsal-related immunity factor (Dif) (12) and Dorsal (13, 14) , may mediate the induction of Cecropin and other genes following injury and infection (reviewed in refs. 15 and 16) .
However, neither of them carries IKB-like domains.
We are screening for genes involved in the Drosophila immune system by using PCR differential display (17, 18) to identify genes induced in infected flies. Among the induced genes we expect to find regulators as well as effectors of the antibacterial response. Here we describe a compound Rel protein found in this screen, Relish, which is involved in Drosophila immune responses and probably in embryogenesis as well.
MATERIALS AND METHODS cDNA Libraries. We generated a cDNA library from mbn-2 cells (19) , taken 1 h after the addition of 100 ,ug/ml lipopolysaccharide and 100 ,ug/ml laminarin. RNA was purified as described (20) , and 5 ,ug of poly(A) + RNA was prepared using Hybond paper (Amersham). cDNA was synthesized and directionally cloned between the EcoRI and XhoI sites in A ZAP 11 (21) using the ZAP-cDNA synthesis kit (Stratagene). A second library from immunostimhlated adult flies was described previously (22) .
Isolation of cDNA Clones. The differential display screen (23) , comparing flies 0, 6, and 16 h after the injection of Enterobacter cloacae (312, has been described previously (18) . One induced PCR band, cut from the differential display gel, was cloned using a TA cloning kit (Invitrogen) and then used as a probe to screen the two induced cDNA libraries. Twenty clones of different lengths were isolated. The longest clone, called 5.3, was isolated from the mbn-2 cell library. It was sequenced on both strands, using the Sequenase kit (United States Biochemical) and synthetic oligonucleotide primers. The other clones were sequenced from the ends, and all sequences were superimposable.
RNA and Northern Blots. Adult wild-type Canton-S Drosophila melanogaster, >1-day-old males and females, were injected with a stationary phase culture of E. cloacae (12 diluted 1:10 in Ringer's solution (24) . Surviving flies were collected at different times postinjection and frozen in liquid N2. RNA was prepared from these flies and from matched control flies by hot phenol extraction (25) . For the developmental study, staged eggs were collected on apple juice agar plates on which females were permitted to lay eggs for 2 h. The plates were then aged by incubating at 25°C. Adults were injected with bacteria as described above. Samples of 6-,ug total RNA were separated on a formaldehyde gel and blotted (26) . The same filters were probed with Relish and Rp49 (27) probes, generated with the Rediprime kit (Amersham).
Transfection Experiments. Full-length Relish cDNA was cloned into the actin expression vector pPacPL (28) u-i It.
P--described by Petersen et al. (31) , except that transfection efficiency, measured by chloramphenicol acetyltransferase expression from a cotransfected plasmid, was assayed by enzyme-linked immunosorbent assay (Boehringer Mannheim). In Situ Hybridization. Relish's cytological localization was determined by in situ hybridization to salivary gland chromosomes as described by Pardue (32) at 58°C. Digoxigeninlabeled probe was generated with a DNA labeling and alkaline phosphatase detection kit (Boehringer Mannheim) using an XhoI-NotI fragment of cDNA clone 5.3. Chromosomal maps in Lindsley and Zimm (33) were used as reference.
RESULTS
Cloning and Sequence of Relish cDNA. One PCR product that was differentially expressed in flies after a bacterial injection included several ankyrin repeats, similar to those seen in the IKB proteins. We used this PCR fragment as a probe to screen cDNA libraries from immunostimulated adult flies and mbn-2 cells, a hemocyte cell line (19) . Twenty overlapping cDNA clones that differed only by length were isolated from the two libraries. This and genomic Southern blot results (data not shown) suggest the presence of a single copy gene.
The conceptual protein translated from the 3334-bp sequence of the longest cDNA clone contains both a Rel homology domain (hence the name Relish) and an IKB-like domain with six ankyrin repeats (Fig. 1) . In this respect Relish is similar to the compound mammalian NF-KB precursors plOO and p105, although no obvious similarity is seen outside the two conserved domains. In fact, Relish is not closely related to any other known Rel protein. A phylogenetic reconstruction of the possible relationship between the different Rel homology domains (Fig. lc) shows that Relish may have branched off from other Rel proteins at a very early stage. The sequences of the ankyrin repeats are also quite different from those of other IKB-like proteins, and they are about equally close to the ankyrin repeats in the Notch, ankyrin and IKB families. Like in other Rel proteins, a putative nuclear localization sequence is found at the C-terminal end of the Rel homology domain, and the ankyrin repeats are followed by an acidic, PEST-like sequence. PEST sequences are rich in proline, glutamic acid, serine and threonine residues, and they have been implicated in protein turnover (34) .
Interesting features are noted in the regions outside the conserved domains (Fig. 1) . Like RelB, Relish has an unusually long region N-terminal of the Rel homology domain. Furthermore, just downstream of the Rel homology domain there is a serine-rich stretch, corresponding to the position where plOO and p105 have a glycine-rich region that serves as a processing signal for the generation of p5O (35) . The serinerich sequence in Relish may serve a similar function. Another serine-rich region is found in the N-terminal region of Relish. Finally, there are several potential target sites for phosphorylation by casein kinase II; including four in the spacer between the Rel and ankyrin domains, and five in, or near the PEST region. Casein kinase II has been implicated in the constitutive phosphorylation of the PEST region in IKBa (36) , and the signal-induced phosphorylation of the same protein is mediated by a kinase with similar target sites (37) (38) (39) (1996) only expressed late in embryogenesis and probably serves no developmental function (12) . To test if Relish is expressed during development, Northern blots were prepared with RNA from different staged embryos, larvae, pupae, and adults (Fig.  2b) . A 2.7-kb Relish transcript is present in 0-2 h embryos and uninjected adult females. This transcript is present at low levels in 2-4 h embryos and is not detectable in embryos after 8 h, or in larvae, pupae, or adult males. This pattern of expression is similar to dorsal and other maternally transcribed genes, and suggests that Relish mRNA is provided to the egg by the mother. While we have not strictly proven that this Relish transcript is maternally expressed (by in situ hybridization or mutant analysis), we call this the maternal Relish transcript for convenience.
All three Relish transcripts contain both Rel and ankyrin domains, since hybridization of Northern blots with probes from both domains show identical results (data not shown). To further characterize the maternal transcript, we isolated five cDNA clones from an ovarian library (kindly provided by Peter Tolias, Public Health Research Institute). These clones were identical to those from the adult and mbn-2 cell libraries except for various degrees of truncation at the 5' end. The longest clone had an insert of 2.7 kb and thus must be near full-length. 5'-rapid amplification of cDNA ends products from 0-to 2-h-old embryos show the same sequence and terminate near the 5' end of this clone (B.A., unpublished data). We conclude that the maternal transcript differs from the other two Relish transcripts at the 5' end only, and that if there is a unique 5' exon it must be very short. The maternal transcript is too short to encode the N-terminal part of the open reading frame, and a likely alternative translation start site is indicated in Fig. 1 .
Genomic Localization. Relish was cytologically localized to 85C on the right arm of the third chromosome by in situ hybridization (Fig. 3) . We sometimes saw the signal as a double band, and also saw faint hybridizations to other chromosomal regions. This is probably due to artifacts of our in situ procea~~~~~~~~~~~. (30) , and is thus a potential target for Relish regulation. We tested the effect of Relish overexpression on a CecAl-lacZ reporter gene construct (30) after cotransfection of the mbn-2 blood cell line. In addition to a full-length Relish cDNA, we also investigated the effect of a truncated "Relonly" construct that lacks the IKB-like domain (Fig. lb) . Mammalian p50 is produced by the proteolytic degradation of the ankyrin domain of p105. We designed the Rel-only construct to be similar to a p105 fragment that produced a stable p5O when transfected into mammalian cells (41) . Fig. 3 shows that overexpression of the full-length Relish gene stimulates expression from the CecAl-lacZ fusion reporter 3-fold over the maximally lipopolysaccharide-induced control, while the Relonly construct increased expression as much as 10-fold (Fig. 4) (43) , which implies that there could be another factor with inhibitor activity in the dorsal signaling pathway. Relish protein, with its ankyrin repeats, could serve that role. Alternatively, Relish could function in a completely independent pathway. We are now characterizing antibodies generated against Relish and isolating Relish mutants to study Relish's interactions with Dif, Dorsal, and other proteins, and to better characterize its role in immunity and development.
It will be important to determine whether Relish is proteolytically processed like p105 and plOO. The fact that the p5O-like Rel-only construct is biologically active indicates that this could indeed be the case. In the mouse, the NF-KB inhibitor IKB)y is formed by alternative splicing of the p105 gene (44) . We have not detected a corresponding splice form of Relish, but it is possible that a similar protein could also be produced by processing of Relish protein.
The discovery of a compound Rel protein in flies strengthens the similarity between the mechanisms used by insects and vertebrates to regulate their immune responses (3) . If Relish separated very early from other Rel protein genes as suggested by the phylogenetic analysis (Fig. lc) , it implies that early Rel proteins were compound, and that proteins like Dorsal and Dif later lost their ankyrin repeats. In this context it is interesting to note that the Dif and dorsal genes are closely linked on the second chromosome to the IKB homolog cactus, which could reflect the common origin of these genes from an ancestral compound Rel protein. Beyond this, demonstrating the presence of a compound protein in insects as well as mammals fills a conceptual gap and reinforces the suggestion that these proteins may serve important regulatory roles that cannot be accomplished by separate Rel and lKB proteins. It may now be possible to test for distinct signaling pathways mediated by compound proteins in Drosophila using Relish.
